Metabolomics studies now approach large sample sizes and the health characterization of the study population often include complete blood count (CBC) results. Upon 
| INTRODUC TI ON
are closely related and analysed as an entity, while RDW is generally analysed in conjunction together with MCV and RBC. 5 The main function of platelets (PLT) is to contribute to primary haemostasis and thrombosis formation. Furthermore, they have different roles in inflammation, atherosclerosis, angiogenesis, antimicrobial host defense, and contribution to wound healing. [6] [7] [8] [9] Mean platelet volume (MPV) is described as a marker of platelet reactivity 10 and platelet function. 11 Previously, we have examined the metabolic signature of lowgrade inflammation including the WBC count and identified interesting associations with plasma lactate and pyruvate levels translating experimental findings to the general population. 12 To further extend the knowledge about metabolites associated with blood cells and their indices, all main parameters of the CBC should be subjected to metabolomics investigation.
As part of the typical routine analysis and usually done in first line examinations CBC is widely used to diagnose medical conditions like anaemia, blood loss, thrombocytopenia, acute and chronic infections, abnormalities in blood cells, allergies, leucocythemia and other blood related diseases. [13] [14] [15] Changes in CBC accompany also diseases like leucemia, 16 hepatitis 17 or hypertension. 18 Besides, CBC is typically included in population-based studies while metabolomics research is increasingly expanding to large study samples. In line with this, RDW has been identified in recent years as prognostic marker for cardiac, non-cardiac as well as all-cause mortality in a variety of diseases. 19 Likewise, MPV was suggested as prognostic biomarker for cardiovascular risk. 10 Thus, if specific diseases are examined on the basis of a metabolomics study, changes in metabolites that associate to changes in CBC parameters independent of disease may lead to misinterpretation. Therefore, we intend to examine the metabolic signature associated with parameters of the CBC in a comprehensive manner among an apparently healthy population excluding the influence of severe disease. Out of these 1000 subjects those with missing values in one or more parameters of the CBC or confounders considered (N = 7), those reporting intake of antithrombotic agents (N = 65; ATC code B01A) or anaemia treatment (N = 10, ATC code B03A and B03B) or who presented with an acute inflammatory state or missing highsensitivity C-reactive protein (hsCRP) levels (N = 39; hsCRP >10 mg/ dL) were excluded resulting in a study population of 879 subjects.
| MATERIAL S AND ME THODS

| Study population
| Ethical approval and informed consent
All participants gave written informed consent before taking part in the study. The study was approved by the ethics committee of the University of Greifswald and was performed in accordance with the principles of the declaration of Helsinki.
| Laboratory measurements and phenotypic characterization
Smoking status (current, former or never smokers), daily alcohol consumption, physical activity (≥1 hour training a week) and educational attainment (<10, 10 or >10 years of school) were assessed using computer-aided personal interviews. Anthropometric measurements were taken during the physical examination. Height was measured to the nearest 1cm using a digital ultrasound instrument. The body weight of the participants was conducted in light clothes and without shoes using standard digital weight scales. 
| Data integration
Most of the metabolites were unique to one of the applied techniques. However, 44 plasma metabolites were overlapping with both techniques. Following the grouping of metabolites in biochemical classes (ie lipids, amino acids and carbohydrates), correlations of those metabolites measured on both platforms were computed with all members of the same biochemical class. Subsequently, the metabolite with the higher median correlation across all class members was kept for further analysis. In total, 613 plasma metabolites were used in the subsequent statistical analyses.
| Statistical analysis
Linear regression models were performed to assess the associations between CBC parameters (ie HGB, HCT, MCV, MCH, MCHC, RBC, RDW, PLT, MPV and WBC; continuously) with plasma metabolite levels (dependent variables; continuously). To this end metabolite levels were log-transformed. Sex and smoking behaviour were used as 
| RE SULTS
| Population characteristics
Men showed a less favourable health status compared to women, including for example, an unfavourable lipid profile and higher alcohol consumption (Table 1) . With the exception of MPV, all blood cell measures showed the expected sexual dimorphism (Table 1) . Most obvious differences were seen in HB (higher in men) and PLT (higher in women). However, this dimorphism did not translate into the association patterns with respect to metabolites. Hence, we combined both sexes in the following analyses.
| Associations between blood cell measures and plasma metabolites
In total, 118 metabolites significantly associated with at least one of the CBC measures under investigation (Figure 1 ). HGB and HCT were the strongest traits with 35 and 31 associated metabolites, respec- Notably, this study clearly distinguishes from our previous work on inflammatory parameters, including WBC. 
| RBC energy production
Plasma lactate levels were one of the strongest positive associations seen with RBC and related measures HCT and HGB. RBC lack mitochondria and hence rely on glucose supply from the circulation for energy generation, that is, adenosine triphosphate (ATP) formation, by means of anaerobic glycolysis like the Embden-Meyerhof pathway. 25 The coenzyme nicotinamid adenine-dinucleotide (NAD +   ) serves as acceptor of the electron released during ATP production in glycolysis. Through conversion of pyruvate NADH is reduced and NAD + is regenerated under production of lactate. Notably, it is well-accepted that changes in RBC metabolism can be observed as changes in blood lactate levels. 26 A higher amount of RBC would subsequently increase lactate production and hence explains our observation. Fittingly, pyruvate and nicotinamid showed significant positive associations with HGB and HCT, and with HCT, respectively.
Notably, the processes of binding, transport and delivery of oxygen do not require the expenditure of energy by the RBC, however, maintenance of the normal cellular function does. Energy is needed to keep the iron within the haemoglobin in its divalent form, to maintain the ion concentrations within the cell against concentration gradients, and to prevent reduction in sulfhydryl groups by enzymes. 27 This is mirrored within the metabolic signature because one of the 
| Heme metabolism
A major molecular signature associated with RBC and related measures comprised merely positive association with metabolites putatively related to heme degradation, for example, heme itself or biliverdin. Haemoglobin is composed of four globular protein subunits forming a structure strongly binding the heme group in which Fe 2+ is covalently bound within a porphyrin ring. 28 Degradation of the heme group, for instance from aged erythrocytes, gives rise to bile pigments. Biliverdin, the green bile pigment, is produced from heme upon separation of Fe 2+ and CO. In turn, biliverdin is reduced to bilirubin, the yellowish bile pigment. Free unconjugated bilirubin is lipid-soluble and potentially toxic, thus for excretion it has to be transported to the liver where it is conjugated to glucuronic acid, therefor it binds reversibly to albumin. 29 Conjugated bilirubin is excreted with the bile and is converted to urobilinogen in the large intestine by bacterial proteases, part of it is excreted with the feces.
Part of the urobilinogen is reabsorbed to the blood stream and is oxidized to urobilin and excreted by the kidney. 30 Notably, based on direct neighbourhood in the GGM several yet unknown compounds showed similar positive associations likely attributing those to intermediates of heme degradation. However, bilirubin was inversely associated with RBC, HGB and HCT which was to some extend surprising. Considering the binding of bilirubin to albumin, it is likely that the observed inverse association is due to methodological artefacts.
During sample preparation large proteins like albumin-including all metabolites bound to albumin-are precipitated by methanol. In turn, bilirubin is potentially cleared from the sample before spectrometric analysis. Furthermore, partial or mild lysis of erythrocytes during sample preparation might also have given rise to the positive association with heme and related metabolites. health and disease, it has to be noted that increased levels of circulating BCAA are typically associated with insulin resistance (IR), 32, 33 while the positive association between haematologic parameters RBC, HGB and HCT with IR is also well documented. 34, 35 IR is a hallmark of non-alcoholic fatty liver disease (NAFLD) 36 and a positive association of iron metabolism parameters with increased risk of lean NAFLD (at BMI <25) compared to obese subjects without NAFLD has been reported. 37 Therefore it may be conceivable that positive associations of BCAA and their metabolites especially with HGB and HCT in this study might also indicate hepatic fat accumulation. Of note, the inverse association between BCAA and RDW is quite prominent. Increased RDW has been related to inflammation, 38 and is considered a reliable prognostic marker for cardiac, F I G U R E 3 Subnetwork from the Gaussian graphical model to reconstruct metabolite dependencies with a particular focus on heme and 3-carboxy-4-methyl-5-propyl-2-furanpropanoate (CMPF) related metabolites. Increased node size indicates significant associations with at least one blood cell count trait under investigation. par. cor., partial correlation non-cardiac as well as all-cause mortality in a variety of diseases. 19 In terms of the pro-inflammatory profile associated with increased BCAA, the inverse association with RDW is rather contradictory and remains to be clarified. ω3-PUFA also showed strong inverse associations with RDW and there is evidence that the consumption of ω3-PUFA rich diet is beneficial for several health outcomes likely by reducing inflammation. 39 Thus, the present findings argue in favour of this hypothesis.
| RBC and amino acids
| Putative surrogates of platelet activation
PLT showed distinct associations with plasma metabolites serotonin, adenosine 5′-monophosphate (AMP), taurine and glycerophosphorylcholine being the most prominent (all positively) and in sum might be related to platelet activation or rather platelet function. Serotonin is a well-described vasoconstrictor circulating in the blood stream which is actively taken-up by platelets and sequestered in δ-granules in high concentrations. 40 Notably, when PLT are examined emphasis is typically on platelet activation. Yet, under normal physiologic condition without injury or need for clot formation a general antithrombotic state exists in the blood to keep it liquid. 26 Thus, clot formation is normally suppressed. Adenosine diphospate is a very potent platelet agonist involved in platelet activation and secreted from δ-granules. Under resting conditions it is rapidly hydrolyzed to AMP by platelet surface ADPases. 26 Therefore, the strong positive association between PLT and AMP might be interpreted as intrinsic clot preventing process. Not at least, taurine was reported to influence PLT activity and aggregation. 41 Interestingly, low PLT taurine was reported in diabetes and supplementation of taurine restored PLT dysfunction. 42 We like to note, that the PLT associations with taurine or serotonin did not translate to urine levels of these metabolites (both P > 0.20) further arguing for a local effect.
| Kidney function
Although controlling for the eGFR in statistical analyses some metabolites in plasma previously reported as surrogates for GFR associated inversely with either RBC, MCV and to a lesser extend with MCH including creatinine, N-acetlycarnosine 43 and kynurenine. 44, 45 The hormone erythropoietin (Epo) is produced and secreted from the kidney stimulating RBC production in the bone marrow. 46 Chronic kidney disease (CKD) is accompanied by anaemia due to reduced renal Epo production, reduced RBC lifespan as well as impaired intestinal iron absorption among others. 47 However, CKD-as- clearance depends strongly on renal output. 48 An independent link to kidney function is given by the positive association between MPV and the uremic toxin CMPF and related unknown compounds. 49 Production of PLT from megakaryocytes is dependent on thrombopoietin which is produced in the kidneys besides other tissues. In line with this, CMPF-related unknown compounds showed inverse association also with PLT. Of note, CMPF is able to inhibit cellular uptake and hence activation of the thyroid hormone thyroxine 50 which appears to influence also PLT formation and function because hypothyroidism is accompanied by increased PLT reactivity and increased MPV. 
| Phospholipids
Several phospholipid species, including diacyl PCs, ether PCs and lysophosphatidylcholines (lysoPCs), were positively associated with RBC characteristics but not RBC itself. The latter point likely indicates that our observations are not solely the result of RBC-lysis giving rise of specific phospholipid species in plasma. 52 Rather those phospholipids relate to shifts in lipoproteins ranging from very lowdensity to high-density ones. 53 Indeed, RBC interact with lipoproteins and may gain or lose cholesterol from low-density lipoprotein (LDL) and high-density lipoprotein (HDL) particles, respectively.
This process is essential for determining membrane stability, the so-called critical fluidity and therefore is a key component in maintenance of structure and function in RBC. 54 In healthy volunteers, RBC membrane stability was directly associated with LDL-cholesterol 55 and an excessive increase in cholesterol content in RBC membrane proportionally increases its rigidity which in turn reduces membrane stability and deformability. This increases vulnerability of RBC for lysis in response to mechanical forces when passing through capillaries. 54 Notably, besides being the carrier of oxygen throughout the blood stream, RBC have been identified to play significant roles in cardiovascular function and pathology. RBC actively participate in local vasodilation and regulation of vascular tone by release of NO and ATP. 56, 57 Moreover, RBC appear to contribute to development of atherosclerotic plaques, particularly due to the cholesterol content in the RBC membrane and formation of reactive oxygen species from cell free haemoglobin originating from ruptured RBC. 54 It is widely accepted that high LDL-cholesterol concentration in plasma leads to an excess uptake of cholesterol into the RBC membrane increasing the risk for lysis and release of haemoglobin promoting peroxidation, inflammation and atherosclerotic plaque development. 58 Within the CBC increased rigidity/reduced membrane stability of RBC is typically reflected by increased RDW which in turn is closely associated with the risk of carotid atherosclerotic plaque development. 59 In this study most of the associations with phospholipid species were observed for RBC parameter MCV and MCH, however, not for RDW. Nevertheless, RDW is calculated from MCV and, importantly, this study was performed in apparently healthy individuals.
This fact explains that the naturally occurring interaction between RBC and lipoproteins in a physiological manner can be observed within the metabolome for parameters MCV and MCH. As pathologic cases were absent, RDW is not associated with phospholipid species in this study.
| Strengths and limitations
A specific strength of this study is the combination of a large sample size and the comprehensive profiling of the plasma metabolome using targeted and non-targeted mass-spectrometric approaches.
To the best of our knowledge so far no other study examined the metabolomic associations with parameters of the CBC. However, there are few drawbacks due to methodical or preanalytical issues that need to be mentioned. As already pointed out, large proteins are precipitated during sample preparation. Thus metabolites like bilirubin bound to albumin may get cleared from the sample and will be missed or potentially present misleading associations. Moreover, although EDTA is the recommended anti-coagulant for CBC and WBC differential analysis and is commonly used in everyday practice, it is known that PLT quickly change their shape from discs to spheres when collected in EDTA-tubes consequently affecting results for MPV (up to 20%). 60 In turn, results presented for this parameter may have limited validity.
| CON CLUS ION
This study reveals specific metabolic signatures associated with parameters of the CBC that are mainly associated with the func- 
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